Abstract: Group-IV materials for monolithic integration with silicon optoelectronic systems are being extensively studied. As a part of efforts, light emission from germanium has been pursued with the objective of evolving germanium into an efficient light source for optical communication systems. In this study, we demonstrate room-temperature electroluminescence from germanium in an Al 0.3 Ga 0.7 As/Ge heterojunction light-emitting diode without any complicated manipulation for alternating material properties of germanium. Electroluminescence peaks were observed near 1550 nm and the energy around this wavelength corresponds to that emitted from direct recombination at the Γ-valley of germanium. Wang, and S. J. Lee, "Selective epitaxial germanium on silicon-on-insulator high speed photodetectors using low-temperature ultrathin Si0.8Ge0.2 buffer," Appl. Phys. Lett. 91(7), 073503 (2007).
Introduction
Recently, optical devices based on group-IV materials have been widely studied for possible applications in the integrated silicon (Si) photonics systems [1] [2] [3] [4] [5] [6] [7] . Germanium (Ge) is considered as one of the most promising candidate materials compatible with Si complementary metal-oxide-semiconductor (CMOS) circuits since Ge can be grown on Si using relaxed Si x Ge 1-x buffer layers to reduce the effect of the 3.96% lattice mismatch between Ge and Si [6] [7] [8] . Given the fact that light emission is the most efficient for directbandgap materials, in which electrons can transfer from the conduction band to the valence band with momentum conservation, various approaches for operating indirect-bandgap Ge as a direct-bandgap material by straining, alloying, or band-filling have been investigated [9] [10] [11] [12] [13] [14] [15] [16] . Since Ge has a local conduction band minimum at the Γ-valley (k = 0), light emission is expected if a sufficient number of electrons can be injected into this valley. Transport along valleys aligned in the k-space can be an efficient method of electron injection across a heterojunction [17, 18] . Aluminium gallium arsenide (AlGaAs) is a III-V compound material that can be grown on Ge with little lattice mismatch. Al x Ga 1-x As, a ternary alloy, has a directbandgap for Al compositions up to approximately 40%, while it turns into an indirectbandgap semiconductor for higher Al mole fractions [19, 20] . Thus, it is a potential source of electrons for light emission in Ge.
In this work, a heterojunction near-infrared (IR) light-emitting diode (LED) operating at room temperature was fabricated and investigated. We applied the Γ-Γ transport mechanism in Al 0.3 Ga 0.7 As/Ge heterojunctions to inject carriers into the Γ-valley of Ge, by which a strong electroluminescence (EL) from Ge region was obtained at 300 K without introducing any complicated processing for intent to manipulate the material characteristics of Ge.
Device design and fabrication
The electron affinities of Ge (χ Ge ) and Al x Ga 1-x As (χ AlxGa1-xAs ) at the Γ-valleys are 4.0 -(0.8 -0.66) = 3.86 eV and 4.07 -1.1x eV, respectively. Here, 4.0 eV, 0.8 eV, and 0.66 eV are electron affinity at L-valley, Γ-valley energy bandgap, and L-valley energy bandgap of Ge, respectively. To achieve Γ-Γ transport across an Al x Ga 1-x As/Ge heterojunction without a potential energy barrier to electron injection from Al x Ga 1-x As into Ge, χ Ge|Γ -χ AlxGa1-xAs (|Γ denotes the value at Γ-valley) should be nonnegative. For this condition, the following two inequalities should hold simultaneously: In the experiment, x was selected to be 0.3 to get Al 0.3 Ga 0.7 As and the corresponding conduction-band offset at k = 0 was 0.12 eV. An intrinsic Al 0.3 Ga 0.7 As layer was inserted between the p + Ge substrate and the n + Al 0.3 Ga 0.7 As layer to reduce the leakage current due to band-to-band tunneling, for device reliability [21] . . It is confirmed that the conduction-band energy of the intrinsic Al 0.3 Ga 0.7 As layer is above the conduction-band minimum at the Γ-valley of p + Ge. Figure 1 (a) also emphasizes that the wider bandgap of Al 0.3 Ga 0.7 As provides transparency to the IR light emitted by radiative recombination in Ge, which is another advantage of an Al x Ga 1-x As/Ge heterojunction besides its good lattice match. Figure 1 (b) demonstrates two criteria for Γ-Γ transport mechanism in this work: a nonnegative Γ-valley offset by which the electrons injected from Al 0.3 Ga 0.7 As cathode into Ge substrate experiences no energy barrier and the momentum alignment of local minimum points in the conduction bands of Al 0.3 Ga 0.7 As and Ge at k = 0. For the device fabrication, p + Ge (001) substrates with 6° off-cut toward the [111] direction were prepared ( Fig. 2(a) ). The doping concentration of the Ge substrate was Ga 2 × 10 18 cm −3 . Intrinsic Al 0.3 Ga 0.7 As, n + Al 0.3 Ga 0.7 As, and n + GaAs cladding layers were epitaxially grown in sequence by metal-organic chemical vapor deposition (MOCVD), without exposure to air between growths ( Fig. 2(b) ). The device active region was defined and isolated to form a circular mesa structure by photolithography and chlorine-based dry etching ( Fig. 2(c) ). Au (40 nm)/Ge (12 nm)/Ni (12 nm)/and Au (200 nm) were sequentially deposited by e-beam evaporation and lifted off to form an ohmic contact with the top cathode layer (Fig. 2(d) ). n + GaAs cladding layer plays roles of lowering the ohmic contact resistance and blocking the penetration of metal species into the Al 0.3 Ga 0.7 As cathode 26 . Subsequently, an ohmic contact with the substrate anode was established by deposition and lift-off of Ti (40 nm)/Pt (40 nm)/Au (200 nm) (bottom to top) multi-layer metals (Fig. 2(e) ). The deposition rate of each layer was precisely adjusted to be in the range of 1-2 Å/s by real-time monitoring to obtain high-quality metal layers. Rapid thermal annealing (RTA) in a forming gas ambient of N 2 with 4% H 2 was carried out to reduce the contact resistance with the n-type material by improving adhesion and completely diffusing Ge into Au. The forming gas ambient during RTA also passivated the dry-etched side surfaces of the epitaxial layers. The process time (ramp-up for 15 s and steady-state for 10 s) and temperature (380°C, slightly higher than the eutectic point of Au-Ge) were chosen to avoid roughening of the electrode surfaces and metal penetration in the semiconductor materials [23] [24] [25] . Figure 2(f) shows the critical dimensions of the fabricated LED. The diameter of the circular mesa was 500 µm, with a 200-µm window for surface emission, a 100-µm-wide ring contact, and an adequate 50-µm alignment margin. The width of the p-type metal contact was 200 µm.
Material characterization
A θ-2θ high-resolution X-ray diffraction (HRXRD) measurement was performed to determine the Al content in the Al x Ga 1-x As layer. The red line shown in Fig. 3(a) represents the θ-2θ HRXRD spectrum of the GaAs/Al x Ga 1-x As/Ge structure. The Al content in Al x Ga 1-x As grown on the Ge substrate was also characterized by a fitting program, as shown with the black line in the same figure. The peaks corresponding to the Ge substrate in both the experimental data and the simulation were matched to allow an exact comparison of the two spectra. The best fitting result indicated that the Al content was 30.5% in the Al x Ga 1-x As layer. The thicknesses of the cladding, n + Al 0.3 Ga 0.7 As, and the intrinsic Al 0.3 Ga 0.7 As layers were 100 nm, 150 nm, and 150 nm, respectively. The carrier concentrations of the in situ-doped regions were characterized by an electrochemical capacitance-voltage (ECV) measurement, the results of which are shown in Fig. 3(b) . The device layers were doped with Si by adding SiH 4 to the gas mixture during epitaxial growth. The targeted doping concentrations were 4 × 10 18 cm −3 and 5 × 10 18 cm −3 for the cladding and Al 0.3 Ga 0.7 As layers, respectively, including effects of dopant diffusion during growth and subsequent thermal processing. These values were accurately achieved, as confirmed in the figure. Figures 3(c) and 3(d) show the transmission electron microscope (TEM) images showing the heterostructure of the epitaxial layers grown on the Ge substrate with low resolution and the interface of the Al 0.3 Ga 0.7 As/Ge heterojunction with higher resolution. Defects such as voids and atomic clusters between layers were not observed. Theoretically, Ge/Al 0.3 Ga 0.7 As and Al 0.3 Ga 0.7 As/GaAs have only 0.171% and 0.047% lattice mismatches, respectively; this result is consistent with the high-quality interface indicated by TEM. The HRXRD analysis and TEM inspection results supports that the material growth conditions in this experiment allowed Γ-Γ transport across the Al 0.3 Ga 0.7 As/Ge heterojunction. Figure 4 (a) illustrates the optical measurement setup. The light emitted from the top facet of the device was coupled into a Corning multi-mode fiber with a 62.5-µm diameter core and measured with a Yokogawa AQ6370B optical spectrum analyzer (OSA) capable of 0.02 nm wavelength resolution and wide dynamic range (70 dB), enabling sensitivity down to −80 dBm. The fiber was mounted on x-y-z stage to obtain the optical coupling distance from the LED top facet and measure with an HP 81536A power sensor. After the optical measurement, the components in the dotted box (optical lens and OSA) were replaced by visualization equipment (IR camera) to capture the images of IR emission. Figure 4(b) shows the measured EL intensities versus wavelength. The LED was excited by current supplied by an ILX Lightwave LDX-3220 constant-current source. The curves in the figure indicate the measured EL at different current levels. Current injection was varied from 50 mA to 500 mA (the supply maximum), corresponding to current densities from 25.5 A/cm 2 to 255 A/cm 2 . The wavelength where the EL peaks are expected is near 1.24/E G,Ge|Γ = 1.24/0.8 = 1.55 µm, where E G,Ge|Γ is the energy bandgap of the Ge Γ-valley. A spectral redshift of the EL peak wavelength is observed as the current injection is increased from 25.5 A/cm 2 to 255 A/cm 2 . The peak intensity is roughly proportional to the current density, while the full-width-halfmaximum (FWHM) remains more or less the same (~160 nm). This trend implies that the output power is roughly proportional to the current density, which may enable us to rule out the possibility of luminescence caused by the spill-over of L-valley electrons into the Γ-valley due to the band filling of the L-valley [26] [27] [28] . The spill-over effect would result in a very nonlinear optical power vs. current density relationship, since the optical emission would be negligible until the L-valley is filled, while it would increase rapidly once the L-valley is filled. The redshift in the peak wavelength is mainly due to heating, which reduces the effective energy bandgap at the Γ-valley [29] [30] [31] . This redshift is equal to 0.14 nm/mA and is equivalent to an energy bandgap shrinkage of −7.11 × 10 −5 eV/mA. A charge-coupled device (CCD) camera image was obtained to observe the emission of IR light from the fabricated LED as shown in Fig. 4(c) . The image of the device was taken at a current injection of 255 A/cm 2 . A Hamamatsu IR C2741 camera controller and N2606 tube with sensitivity up to 1800 nm wavelength was connected to an Optem Zoom 70 tube microscope to image the EL intensity of the LED device.
Optical measurement results

Conclusion
A bulk-type Ge LED with an Al 0.3 Ga 0.7 As cathode epitaxially grown by MOCVD was fabricated and characterized. Although the band structure and properties of Ge was not modified, EL was successfully obtained through Γ-valley transport and injection into Ge, as confirmed by the optical spectrum measurement and IR image capturing. A redshift in the EL peak wavelengths due to joule heating near the heterojunction was observed. We demonstrated that a stronger light source for group-IV integrated optical systems can be provided by an Al x Ga 1-x As/Ge heterojunction LED with accurately controlled Al fraction.
